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Abstract: A large data-set of line-of-sight Doppler velocity obtained with the 
Antarctic Syowa East HF radar from February to December 1997 is analyzed to 
discuss the statl:,t1cal charactenst1cs of Doppler velocity (VD) at ranges of 180-1200 km 
and their implications. Syowa Station K-indices dunng the observation period were 
between O and 7 with a maximum occurrence at K = 1. On average V0 ha:, a m1111mum 
of about 100 m/s at 180-225 km ranges. With mcreasing range 1t increases monotoni­
cally to attain a maximum of 300-350 m/s at 400-500 km, decreases gradually to reach 
250-300 m/s at about 700 km, and agam increases slowly at farther ranges. These 
values of VD and the range vary depending on both local time and radar beam direction. 
In the hght of recent knowledge of plasma 111stab1ht1es m the 10nosphere we :.ugge:.t 
that such range profile of VD 1s mainly cau:.ed by the combmed effect:. of altitude­
dependent phase velocities of ionospheric plasma waves, HF wave refraction due to 
enhanced E region electron density, and latitude-dependent electnc field. We mfer 
that the low ViJ (- IOOm/s) at ranges of 180-225 km may onginate in part from neutral 
winds and/or turbulence of the neutral atmosphere. 
1. Introduction 
The Syowa East HF radar located at Syowa Station, Antarctica (69.0°S, 39.6°E; 
magnetic latitude 66.2°S; £-value = 6.1) is one of the Super Dual Auroral Radar 
Network (SuperDARN) coherent HF radars (Greenwald et al., 1995). This radar can 
detect HF echoes backscattered at slant ranges from 180 to 3000 km ( or more), that is, 
at altitudes including the ionospheric D, E, and F regions. HF waves are easily 
refracted in the E and F regions during propagation. The SuperDARN radars rely on 
the F region refraction to probe the F region at distant ranges. Before the advent of 
two SuperDARN HF radars (Syowa South and Syowa East) at Syowa Station, only a 
coherent VHF (50 MHz) radar had been operated to study phenomena associated with 
the auroral electrojets (Ogawa, 1996). VHF waves do not suffer appreciable refraction 
due to the ionospheric plasma. VHF radars at auroral latitudes can therefore probe 
only the D and E regions. E region echoes observed with the Syowa HF radars have 
been case-studied by Koustov et al. (2001) and Makarevitch et al. (2001) who used 
simultaneous 50 MHz radar echo data. They compared Doppler velocity and echo 
power from the HF radars and those from the VHF radar to discuss the similarity and 
dissimilarity between both radar results. One of their findings was that the effect of HF 
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wave refraction must be considered in explaining the HF data. 
When HF backscatter is caused by geomagnetically field-aligned plasma irregulari­
ties, we may simply expect that echoes at near and distant ranges originate in the D and 
E regions and the F region, respectively, and that Doppler velocities detected with a 
radar are related to ionospheric electric fields. The actual situation, however, is not so 
simple as we expect since HF waves are usually refracted in the ionosphere. Because of 
this refraction, it is often difficult to determine true backscatter altitudes from observa­
tions. Moreover, near-range radar echoes from non-field-aligned irregularities (that is, 
echoes due to meteors and neutral atmosphere turbulence) may coexist with the 
ionospheric echoes originated from field-aligned irregularities. 
This paper describes statistical results of the Doppler velocity observed at near 
ranges of 180-1200 km with the Syowa East radar. We do not intend to discuss 
detailed physical processes to explain the Doppler velocity characteristics. The physi­
cal features of E region HF radar echoes have been presented by, for example, Hanuise 
et al. (1991), Milan et al. (1997), Milan and Lester (1998), Koustov et al. (2 001), and 
Makarevitch et al. (2001). In this paper we first introduce plasma instabilities in the E 
and F regions that can produce field-aligned electron density irregularities responsible 
for an HF wave backscatter. Then, range profiles of the Doppler velocity averaged 
over the period from February 1 to December 31, 1997 are presented to discuss their 
implications. Finally, we consider possible sources of the backscatter other than 
field-aligned irregularities. We suggest that low Doppler velocities ( :S:: 100 mis) related 
to these sources may contribute in part to the velocity profiles at range less than 600 km. 
2. Plasma instability 
2.1. E region 
Decameter-scale field-aligned irregularities in the ionosphere are produced through 
plasma instabilities. The two-stream (Farley-Buneman) and gradient-drift instabilities 
are important in the E region. Previous rocket measurements at Syowa Station showed 
that 5-200 m scale irregularities with relative amplitudes of 10% or less appear at 
altitudes of 90-120 km under various ionospheric conditions (Ogawa et al., 197 6). 
These irregularities are believed to have been excited through these instabilities. See a 
review paper by Haldoupis ( 1989) for the relationship between radio aurora and the E 
region plasma instabilities. The phase velocity ( Vph ) and growth rate (f') derived from 
a linear dispersion relation including both instability processes are given by (e.g., Fejer 
et al., 1984) 
V: = Wr = Vdcose 
ph- k 1 +W ' (1) 
['= ___y_(w;-k
2 C; + i1_ Wr) 
1 +w V1 Ve Lk ' (2) 
where 
(3) 
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8: Angle between radar wave vector (k) and relative plasma drift velocity vector (Vd= 
Ve -V;), 
Bo: Geomagnetic field vector, 
Wr: Wave frequency, 
k: Wavenumber (k2 = k11 +ki), 
k 1 : Wavenumber component parallel to Bo, 
kJ : Wavenumber component perpendicular to Bo, 
a: Aspect angle ( that is, angle between k and k_1_), 
C: Local ion acoustic velocity, 
Ve (v1 ): Electron (ion)-neutral collision frequency, 
Q e (Q 1 ): Electron (ion) cyclotron frequency, 
Wo= lJe Vi lQ e Q,, 
L: Scale length of electron density gradient. 
Below 115 km altitude, Vd is almost equal to the electron drift velocity Ve (=EX Bo 
IB5) where Eis the electric field vector. The first term in eq. (2) implies that when Vph 
exceeds C ,  the stream-instability operates to produce type-I irregularities. In the 
auroralE region the threshold of Eis around 20 mVlm (Vd= 400 mls). The gradient­
drift instability (second term) to generate type-2 irregularities is excited whenever E and 
v Ne ( electron density gradient) have the same sign. Vph , that is observed with a radar 
as Doppler velocity, is determined by three factors, Vd, 8, and W. Wo included in W 
increases rapidly with decreasing altitude; 0.01 at 108 km, 0.1 at 100 km, 1.0 at 93 km, 
and 10 at 87 km (Schlegel and Gurevich, 1997). Vd decreases above 115 km because 
Ve approaches V 1 • Thus, Vph is close to the EX Bo drift multiplied by cos 8 only at 
altitudes of 100-115 km, which means that in principle, we can know E from a Doppler 
measurement. However, Doppler velocities of the type-I irregularities are usually near 
local C, through non-linear processes (that is, Vph saturates at Cs): therefore, we are 
unable to estimate E from the type-I Doppler velocity. Another factor a (aspect 
angle) in eq. (3) also contribute to an increase in W (that is, a decrease in Vph). Radar 
echo power usually decreases very rapidly with increasing a, so that we can expect that 
the strongest echoes return from a point where k J_ Bo. Such effect is called the 
"geomagnetic aspect sensitivity". 
Dimant and Sudan (1995, 1997) have proposed a new plasma instability to produce 
field-aligned irregularities with wavelengths of several meters and longer at altitudes 
between 75 and 105 km (most probably below 90 km) where Wo » 1. This instability 
requires very strong E that exceeds 50 m V Im corresponding to an EX Bo drift velocity 
of 1000 ml s although Vph would be less than 100 ml s because of very high Wo . Plasma 
waves that can be related to this instability have been observed by a rocket (Blix et al., 
1996) and an HF radar (Tsunoda et al., 1997). 
Field-aligned irregularities at altitudes between 90 and 100 km have been found by 
the 46.5 MHz middle and upper atmosphere (MU) radar of Kyoto University (Yama­
moto et al., 1991; Ogawa et al., 1995). Although the echoes seem to have been caused 
by the gradient-drift instability, the echo power is extremely weak ( S: 10 dB) and the 
Doppler velocity is very low ( S: 50 ml s). Such echoes can only be observed with a very 
powerful radar such as the MU radar (peak power of 1 MW). 
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Recent theories tell that even if E= O (no electric field), the gradient-drift instabil­
ity can be excited by a neutral wind (Un) under the condition that Un X Bo and v7 Ne have 
the same sign (Kagan and Kelley, 1998; Kagan et al. , 2 000). Neutral winds can also 
drive a thermal instability (Kagan and Kelley, 2000). The applicability of these 
neutral wind-driven gradient-drift and thermal instabilities to the generation of decame­
ter irregularities must be further checked on an experimental basis. 
2.2. F region 
Decameter-scale irregularities in the F region are also produced by plasma instabili­
ties (e.g., Tsunoda, 1988). The two-stream instability is not operative in the F region. 
The gradient-drift instability, however, is still operative under the condition that EX Bo 
and v7 Ne have the same sign. In addition, field-aligned currents can invoke the 
current-convective instability. The growth rate including both instability processes is 
given by (Ossakow and Chaturvedi, 1979) 
where 
1= 
(n0 1 dn0 /dy) [(vi/Q1) Vo+(k 11 lk x)V11] _1 1 
+
12, 
[ (Qjv 1 ) + (Qe Iv e )] (k l1 lk ;) + (Qjv 1 ) 
1 1 : Growth rate of the gradient-drift instability, 
12: Growth rate of the current-convective instability, 
V11 = V111- Ve l , 
V1 11 : Ion drift velocity along Bo, 
Ve 11 : Electron drift velocity along Bo, 
Vo= E!B o. 
(4) 
Equation ( 4) tells that 1 is independent of I k I and only dependent on the angle 
between k and Bo. Unstable waves excited by the current-convective instability 
propagate nearly along x-axis under the conditions of E along x-axis, v7 Ne along y-axis, 
and Bo along z-axis, under which the gradient-drift instability is stable (1 1 is negative). 
12 = O when V11 = O  (no field-aligned current): in this case, 1=1 1 =::: (n0 1 dn0 /dy) Vo that 
gives the growth rate of the gradient-drift instability in the F region (note that 1 1 is 
positive when E is anti parallel to y-axis). Previous HF radar observations indicated 
that F region irregularities move at the drift speed of E X Bo /B5 (Ruohoniemi et al. , 
1987). This fact is not always valid in the E region as described above. 
3. Observations 
3.1. Syowa East radar 
Figure 1 shows the field of view (FOV) of the Syowa East radar in geographic 
coordinates. The FOV is covered with 16 narrow beams (beam numbers 0, 1, 2, ···, 
15; each beam width -3.5° ) over an azimuth sector of 52° . The beam direction of 
beam O is almost perpendicular (80° ) to the magnetic L-shells and that of beam 15 has 
an angle of 20° to them. The radar beam in the normal SuperDARN operation is 
sequentially scanned from beam O to beam 15 (16 azimuth bearings) with a step in 
azimuth of 3.3° , a scan repeat time of -120 s, a range resolution of 45 km, and a peak 
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Fig. 1. Field of view of the Syowa East HF radar covered with 16 narrow beams (beam numbers 0, 
1, 2, · · ·, 15) in geographic coordinates Geomagnetic latitudes are shown by the 
dot-dashed curves. Ground ranges (] 00 km step) from Syowa Statzon are marked by the 
dashed curves. Contour lines of angle (A) between radar wave and the geomagnetic field 
vectors at an altitude of 110 km are shown by the solid curves. 
power of around 10 kW. The first range gate is set to 180 km. 
Coherent radar echoes are strongly backscattered from an area where the angle 
("A" in Fig. 1) between the radar wave vector (k) and the geomagnetic field vector (Bo) 
is 89° -91 ° ( see Section 2). Such area at an altitude of 110 km is shaded in Fig. 1. The 
area is located at ground ranges of around 270 km on beam O and around 500 km on 
beam 15. Note that the aspect angle a=90° -A. Previous VHF (50 MHz) radar 
observations at Syowa Station indicated that echoes on a radar beam nearly perpendicu­
lar to the £-shells are strongest at a range of around 280 km (Ogawa and Igarashi, 
1982; Ogawa et al. , 1989; Koustov et al. , 2001). Note that no radar wave refraction 
during propagation is assumed in the calculations. This assumption is almost valid for 
VHF waves. 
The aspect angle distribution shown in Fig. 1 varies depending on altitude. Alti­
tude and range distributions of a on beams O and 15 are plotted in Fig. 2 where the areas 
having a between - 1 ° and + 1 ° are shaded on the ray paths from Syowa. On beam 0 
(Fig. 2a) the radar waves with elevation angles of 18° -20° are backscattered from 
altitudes of 100-120 km at slant ranges of 250- 300 km while on beam 15 (Fig. 2b ), these 
values are 7° -13° and 400-600 km. The path length crossing the E region altitude 
becomes longer with increasing beam number. It is clear that F region echoes can be 
(a) 
200 
150 
E 
� 
Q) 100 
50 
Statistics of near-range Doppler velocity 
Syowa East Beam: 0 
� 
900 
:: :::; -1 °�Aspect Angle � +1' 
O t___,__--'---__._____1___,_---"'-----'--------_i__----'---------1-------'-___,__L..__,__---'--__.________._--'_� 
0 200 
(b) 
200 
150 
� 
Q) 100 
50 
0 200 
400 600 
Ground Range (km) 
Syowa East Beam: 15 
800 1000 
.. 
::;) -1 ° � Aspect Angle � +1' 
400 600 
Ground Range (km) 
800 1000 
Fig. 2. Area (shaded) having aspect angles between - I O and + 1 ° for ray paths with 
elevation angles of 4 °-30° (2 ° step) on (a) beam O and (b) beam 15 of the 
Syowa East radar. Slant ranges (100 km step) from Syowa Station are also 
indicated. 
observed at distant slant ranges with lower elevation angles. 
3.2. Example 
87 
Figure 3 displays examples of the near range echoes observed on beam O (Fig. 3a) 
and beam 13  (Fig. 3b) on July 15, 1997. Note that UT===magnetic local time (MLT) 
at Syowa Station. The radar frequencies used are around 10 MHz. The top, middle, 
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Fig. 3. Slant range-time plots of Doppler velocity (vel; positive toward the radar), echo power 
(pwr) , and spectral width (width) on (a) beam O and (b) beam 13 observed wzth the Syowa 
East radar on July 15, 1997. The radar frequencies are around 10 MHz. Ground scatter 
echoes are indicated by gray color. Data are not plotted for the perwds of no radar 
operation (1000-1040 and 1630-1730 UT). 
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and bottom panels in each figure show slant range-time plots of the Doppler velocity 
(vel), echo power (pwr), and spectral width (width), respectively. Plus (minus) sign 
of the Doppler velocity means motion toward (away from) the radar. The short-lived 
( :S: 120 s) and isolated echoes are due to meteors and partly due to radio interference 
from other sources. In Fig. 3a the echoes are intensified at 00-03 and 13 -23 UT at 
ranges of 225- 315 km where a's are close to 0° at altitudes of 90-120  km (Fig. 2a). In 
Fig. 3b the echoes are strongest at the nearly same hours at ranges of 270-405 km where 
again a's are close to 0° in the E region. These facts indicate that the radar wave 
refraction was not important on this date although the ionosphere was moderately 
disturbed as inferre� from 3-hour K-indices at Syowa Station (2, 2, 1, 3, 3, 3, 4, 4). 
The Doppler velocities in Fig. 3b are negative before about 15 UT and positive after 
that, which means that beam 13 detected eastward electron drifts (westward electrojet) 
before 15 UT and westward drifts ( eastward electrojet) after 15 UT, being a reasonable 
result judging from the two-cell convection flows at auroral latitudes (e.g. , Heppner and 
Maynard, 1987). Such behaviors are also discernible on beam O (Fig. 3a) that has an 
angle of 80° relative to the L-shells. 
As can be seen in Fig. 3, the echo regions extend to ranges beyond 500 km. These 
echoes are believed to originate in the upper E and F regions. Notice the positive 
velocities at 21-24 UT on both beams that were probably caused by equatorward plasma 
flows near the Harang discontinuity before midnight. The strongly positive velocities 
(�800m/s) at ranges of 360-500km during 14 -16.5 UT on both beams might be due to 
strong westward and equatorward plasma flows that appeared locally in the eastward 
flow region. 
3.3. K-index at Syowa Station 
Occurrence, amplitude, and movement of the decameter-scale irregularities depend 
on geomagnetic (ionospheric) conditions; they are more intensified under more dis­
turbed conditions. This is because the irregularity production, growth, and movement 
are strongly controlled by electric field, electron density gradient, and field-aligned 
currents (Section 2). As a measure of the ionospheric condition over Syowa Station, 
we use 3-hour K-index derived from a magnetogram at Syowa Station. K-indices for 
the period from February 1 to December 31, 1997 have been tabulated by Takeuchi et 
al. (1999). The relationship between K-index and amplitude of deviation of the 
geomagnetic field from a quiet level is as follows: K= O for 0-25 nT, 1 for 25-50nT, 2 
for 50-lOO nT, 3 for 100-2 00nT, 4 for 200- 350nT, 5 for 350-600nT, 6 for 600-1000, 
7 for 1000-1660 nT, 8 for 1660-2500 nT, and 9 for � 2500 nT. 
Figure 4 gives histograms of the occurrence number of K-indices at eight 3-hour 
periods during 11 months. The histograms at 00-03 and 21-24 UT have a maximum at 
K = 3 while the others except the 18 -21 UT histogram show a peak at K = 1, which 
means that the geomagnetic field at Syowa Station ( 66.2°S MLA T) was disturbed at 
around 18 -03 UT when Syowa Station was below or close to the auroral electrojets. 
The occurrence number of K-indices during the whole period is displayed in Fig. 5 
where the most probable K is 1. The occurrence number with K= O and 1 (that is, 
quiet geomagnetic conditions) is 47.5% of the total occurrence number. K's of 8 and 
9 were not recorded through the period. Notice that HF radar echoes usually disap-
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Fig. 4. Number of occurrences of Syowa Station K-indices at each 3-hour perwd 
durzng February ] - December 31, 1 997. 
pear during substorm conditions because of D region absorption. 
4. Statistical :results 
4.1. Data selection 
To derive range distributions of the line-of-sight Doppler velocity averaged over the 
whole period we first exclude anomalous echoes and ground scatter echoes from the 
original data base (note that each data point has time and range resolutions of 2 min and 
45 km, respectively) using the following method (Fukumoto et al., 1999, 2 000): 
1) Anomalous echoes satisfying at least one of the following criteria are eliminated: 
( 1) an echo power of below O dB or above 30  dB, (2) a Doppler velocity beyond + 1000 
mis, or (3) a spectral width beyond l OOO m/s. 
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2) Echoes with a Doppler velocity within + 60 ml s as well as a spectral width less 
than 60 mis are omitted as ground scatter echoes. 
Moreover, to eliminate undesirable echoes due to meteor, noise, radio interference, 
and others, we use only data satisfying the following conditions at the same time: 
3) Echoes detected at more than 3 consecutive radar range gates ( � 90 km) and 
lasting for more than 2 min ( usually for at least two radar scans). 
4) Echoes with Doppler velocities that increase or decrease monotonically over 3 
consecutive range gates or that exhibit a small difference ( < 3 3  % ) between adjacent 
range gates. 
We believe that the above procedure for the data selection can eliminate non­
ionospheric echoes from the original data base and may pick up only echoes due to 
ionospheric irregularities. Finally, we divide the selected Doppler velocities into two 
groups, plus-sign and minus-sign groups, according to velocity sign. This is because 
when data from two groups are mixed, data points are tremendously scattered. We 
presume that echoes with the plus-sign (minus-sign) Doppler velocities return mainly 
from the eastward (westward) electrojets. We then calculate mean value and standard 
deviation of the velocities for each group. 
4.2. Range profile of Doppler v e l ocity 
a. Profile averaged over all hours 
Figure 6 plots range profiles of the mean Doppler velocity and standard deviation 
on beam O (Fig. 6a) and beam 15 (Fig. 6b). In these plots all the data covering all 
hours from February 1 to December 31, 1997 are used. The number of total data 
points is 174977 and 101951 in Figs. 6a and 6b, respectively. 
In Fig. 6a the mean velocity profile with positive sign is very similar to that with 
negative sign. The mean velocity is lOO mls at 180km (minimum range), 70mls 
(minimum velocity) at 225 km, 300 mis (maximum velocity) at 405 km, and 2 00-250 
mis beyond 585km. Figure 2a suggests that these ranges (180, 225, 405, and 585km) 
correspond to altitudes of about 80, 90, 150, and 190 km, respectively, which means that 
the maximum velocity of 300mls appears at 150 km altitude in the F region. This 
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Fig. 6. Range profiles of Doppler velocity wzth poszt1ve (dotted line) and negative (solid 
lzne) sign, averaged over all hours during February I -December 31, 1997, for 
( a) beam O and (b) beam 15 of the Syowa East radar. The vertical !mes mean 
standard devzations. The total data poznts used for the analysis are ( a) 174977 
and (b) 101951 
result is curious because as stated in Section 2, it is expected that the maximum phase 
velocities of plasma waves produced by the two-stream and/ or gradient-drift instabilities 
should appear at around 110 km altitude corresponding to a slant range of 280 km (Fig. 
2a). There are two possibilities to resolve this discrepancy. One possibility is that the 
radar echoes with the maximum velocity were backscattered at an altitude of 110 km 
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instead of 150 km: in this case the aspect angle at the 405 km range should be around 6° 
(Fig. 1). However, we cannot expect the radar echoes from a point with such a large 
aspect angle because of the aspect sensitivity. The other possibility is the ionospheric 
refraction of the HF radar waves. HF waves are easily refracted downward during 
oblique propagation due to electron density gradient of the bottomside of the E region 
(such effect is not considered in Figs. 1 and 2). Relying on this, our result can be 
explained in a way that the radar waves were actually backscattered at an altitude of 
about 110 km at a range of about 400 km where the aspect angle is close to zero. 
General behavior of the mean velocity profile on beam 15 (Fig. 6b) is similar to 
Fig. 6a; 150m/s at 180km, l OO m/s (minimum velocity) at 225km, 250-33 0m/s 
(maximum velocity) at 450-540km, and 270-300m/s beyond 700km. The ranges 
where the maximum velocity appears are located at altitudes of 100-120km (Fig. 2b), 
which means that the radar wave refraction is not important. 
To see a dependence of the Doppler velocity profile on beam number (i.e. , on the 
angle between the beam direction and L-shells), Fig. 7 plots range profiles on beams 0, 
1, 7, 8, 14, and 15. The beam 0, 7, and 14 profiles are very similar to the beam 1, 8, and 
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SYOWA EAST Beam 0 
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Fig. 8. Range profiles of Doppler velocity with posltzve (dotted lzne) and negative (solid !me) 
sign, averaged over 2-hour period during February I -December 31, 1 997, for beam 0 
of the Syowa East radar. The vertical lznes mean standard deviatwns. 
15 profiles, respectively. Moreover, the beam 7 and 8 profiles are similar to the beam 
14 and 15 profiles. This fact suggests that the wave refraction is not important for 
beams 7 -15 that have angles of 20° -50° between the beam direction and L-shells. 
b. Time dependence of profile 
Range profiles on beam O averaged over two hours are shown in Fig. 8. The 
profile changes with time. For the profiles with positive velocity at 12-22 UT a velocity 
peak appears at a range of about - 400 km (range number 5) while for the negative 
velocity profiles at 00-10 UT the peak exists at ranges of about 3 60 km (range number 
4). These positive and negative velocities in the afternoon and in the morning, 
respectively, are consistent with those from a model of the two-cell convection at a 
latitude of 67.5° (e.g. , Heppner and Maynard, 1987) telling that the plasma drifts are 
toward west (east) in the afternoon ( morning) cell that corresponds to the negative 
(positive) Doppler velocity for the Syowa East radar. None of the profiles show a 
velocity maximum at a range of about 280 km, again suggesting that the wave refraction 
is essential for beam 0. 
Figure 9 shows range profiles on beam 15 averaged over two hours. Compared 
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with Fig. 8, temporal change of the profile is more variable. The largely undulated 
profiles are due to small data points. For the positive velocity profiles at 08-18 UT the 
velocity peaks occur at ranges of 450-500 km while for the negative velocity profiles at 
2 0-10 UT they appear at ranges of 360-500 km. These positive and negative velocities 
are also consistent with those from the plasma flow model. Again, the wave refraction 
is not important for beam 15. 
5. Discussion 
5.1. Range  v ariation of Doppler  vel ocity 
Range profiles of Doppler velocity (VD ) averaged over 11 months indicate that VD 
is -70-150m/s at ranges of I 80-225km, -300m/s at 4 00-500km, and 200-300m/s at 
ranges beyond 600 km. These values depend on radar beam number and local time. 
Radar wave refraction is important only for beams O and 1 that are nearly perpendicular 
to the L-shells. Because of this effect, the maximum of VD appears at around 3 60 km in 
the morning (00-lO UT) and around 400km in the afternoon (12 -22 UT) . A differ­
ence of 4 0  km in range may simply suggest that the altitude where Vph has a maximum 
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is lower in the morning than in the afternoon. If this were the case, W in eq. ( 1) would 
have a morning/afternoon asymmetry. When this altitude (- 1 lO km) is unchangeable 
with time, the difference in range can be explained in terms of enhanced E region 
electron density that strengthens the HF wave refraction. Hardy et al. ( 1985) found 
statistically that average energy of precipitating hot electrons ( :2: 600 e V) is highest on 
the morningside of the auroral oval, suggesting that the E region electron density in the 
morning is higher than that in the evening. If this is the case, our result suggests that 
when the E region electron density is enhanced, then a ray path to reach 110 km altitude 
should have path length shorter by around 40  km, compared with the case with weak 
electron density enhancement. The enhanced density in the morning can be related to 
the lowering of the center of the westward electrojet in the morning as compared with 
the eastward electrojet in the afternoon (Kami de and Brekke, 1977). The importance 
of wave refraction for the SuperDARN radars has been pointed out by Villain et al. 
(1 984), Uspensky et al. ( 1994), Milan and Lester ( 1998), Koustov et al. (2 001), and 
Makarevitch et al. (2 001). The statistical analysis presented in this paper confirms 
their results. 
To investigate HF ray paths in the ionosphere we tried ray-tracings of 10 MHz 
under a Chapman-type electron density distribution with a plasma frequency of 5 MHz 
at an altitude of 250 km and a scale height of 50 km ( Ogawa et al. , 1990). The results 
are shown in Fig. 10  for azimuths of 140° and 80° , that is, for beams O and 15, 
respectively. The positions where ray paths are nearly perpendicular (between 89° and 
91 ° ) to the geomagnetic field are indicated by the crosses. Figure 10a (beam 0) tells 
that the slant ranges for the E region echoes at altitudes of 100-120 km are 300- 350 km 
and that the echoes at ranges beyond 350 km are backscattered from the upper E and F 
regions. Our observations indicate a maximum velocity of about 300 m/s at a range of 
400 km that corresponds to altitudes of 150-200 km in Fig. 10a. To locate the observed 
maximum velocity at the 110 km altitude, we need the wave refraction due to an 
enhanced electron density in the E region that is not considered in the present 
ray-tracings (Villain et al. , 1984). Such enhancements are very possible under dis­
turbed ionospheric conditions with K :2: 2  (e.g. , Miyazaki et al. , 1981). The observed 
Doppler velocities decrease to 200-250 m/s at ranges beyond 585 km. Figure 10a 
suggest that these echoes come from the F region. 
In Fig. 1 Ob (beam 15) the E region echoes come from ranges of 450-700 km and 
the echoes beyond 500 km are contaminated with the F region echoes. In our observa­
tions a maximum velocity of about 300m/s on beam 15 appears at ranges of 450-500km 
that corresponds to the 100-110 km altitudes in Fig. 10b. This suggests that the wave 
refraction in the E region is unnecessary or a little if any: if the refraction were effective, 
the ranges where the maximum velocity appears would be larger than 500 km (say, 
around 550 km). Again keep in mind that the importance/unimportance of the refrac­
tion is dependent on local time (see Figs. 8 and 9) and ionospheric conditions. The 
observed Doppler velocities decrease to 270-300 m/s at ranges beyond 700 km that 
correspond to the upper E and F region altitudes. 
Another way to explain the observed range profiles relies on eqs. ( 1) and (2) telling 
that Vph depends only on a when the irregularities are assumed to exist at around 110 km 
altitude. Vph has a maximum of Vd at a = 0
° and rapidly decreases with increasing a. 
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Ogawa et al. ( 1980, 1982) found that this "aspect angle dependence" of Vph explains well 
statistical velocity profiles obtained with a VHF (50 MHz) auroral radar at Siple 
Station, Antarctica. The velocity in Fig. 6b has a maximum at a range of 450 km 
where a :::::: 0° and decreases with increasing and decreasing range, that is, with increasing 
a ( see Fig. 1). Thus, it is possible to explain the velocity variations between 300 and 
700 km by the a dependence for the 110 km altitude echoes. Similar explanation is 
valid for the profiles in Fig. 6a when the wave refraction, which replaces the maximum 
velocity range from 280 km to 400 km, is taken into account. 
When explaining the range profiles of Doppler velocity, we must also consider the 
fact that electric fields in the auroral zone usually increase toward the pole (e.g. , Ogawa 
et al. , 1982 ; Heppner and Maynard, 1987). Such signatures are discernible in some 
range profiles shown in Figs. 6-9. 
The standard deviations shown in Figs. 6-9 indicate that the observed Doppler 
velocities at ranges beyond 300-350 km are between - 0  and 600 m/s. This velocity 
extent is caused by the type-1 (two-stream) and type-2 (gradient-drift) irregularities in 
the E region. At farther ranges beyond, say, 700 km, the velocities can be related to the 
current-convective and gradient-drift instabilities in the F region. When no wave 
refraction is considered, the altitude resolution corresponding to a range resolution of 45 
km becomes poorer with increasing elevation angle of ray path ; for example, 4, 8, 15, 
and 23 km for 5° , 10° , 20° , and 30
° , respectively. When the elevation angle is larger 
than 20° , the altitude resolution exceeds the thickness of the electrojet (- 15 km), which 
means that the observed Doppler velocities do not well represent the altitude profile of 
plasma velocity in the electrojet, but rather gives a velocity averaged over the thickness 
of the electrojet. This may be the reason why the observed Doppler velocities in the E 
region are below 500 ml s (Fig. 6). When the wave refraction capable of refracting 
waves downward is effective, the altitude resolutions may become better than the values 
described above. Anyway, to investigate the velocity structures in the E region, we 
need observations using range (- 15 km) and time ( � 1 min) resolutions higher than the 
present cases. See a paper by Uspensky et al. ( 1994) for modeling of the E region radar 
echoes. 
In this paper we have analyzed only the Doppler velocity data. Doppler spectral 
widths give also important information on the plasma instability processes in the E 
region. Simultaneous analysis of both mean Doppler velocity and spectral width is 
needed in the future. 
5. 2. Sh ort-range ech oes 
Figure 6 indicates the existence of echoes (irregularities) at ranges of 180-270 km. 
Judging from Figs. 2 and 10, it is difficult to relate all of these echoes to the field-aligned 
irregularities at 100-120 km altitudes. Although the origins of these echoes are not 
clear at this stage, we discuss some possibilities to explain the short-range (low-altitude) 
echoes. 
The new instability proposed by Dimant and Sudan (1995, 1997) seems to be 
attractive for the echoes below the E region (Section 2). This instability, however, 
needs high E exceeding 50 m V /m that is expected only near midnight under strongly 
disturbed conditions, that is, under K-indices beyond, say, 5. Such events were rare in 
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our case ( see Fig. 4). Rather, Figs. 8 and 9 suggest the existence of the low-altitude 
echoes at all hours. 
Our scheme for the data selection (Section 4.1) might not always function to 
exclude all meteor echoes from the original data base. Previous 50 MHz meteor radar 
observations at Syowa Station found meteor echo altitudes of 80-100 km with a peak at 
90km and echo ranges of 12 0-600km (Ogawa et al. , 1985). Hourly variation of the 
number of meteor echoes showed a maximum at around 06 UT and a minimum at 
around 21 UT with a ratio of 5 to 1. From meteor echo observations using a 
Super DARN radar, Hall et al. ( 1997) found a peak altitude of 94 + 3 km and meteor 
echo ranges of 180-700 km. Thus, there is a possibility that our data base at altitudes 
of 80-110 km, in particular, at around 06 UT includes meteor echoes. Doppler veloci­
ties ( =::: neutral wind velocities) derived from meteor echoes are less than + 50 m/ s 
( e.g. , Tanaka et al. , 1988; Hall et al. , 1997) although these velocities may exceed + 100 
m/s under disturbed conditions. In Fig. 6, however, the mean velocities at ranges less 
than 270 km are about 100 m/s with standard deviations of 100 m/s, which suggests that 
echoes other than meteor echoes also contribute to the velocity profiles. 
Plasma turbulence in the D and lower E regions can be excited through turbulent 
motion of the neutral atmosphere ( Gurevich et al. , 1997). Schlegel and Gurevich 
( 1997) applied Gurevich et al. 's theory to coherent backscatter experiments with radars 
having a frequency range of 5-150 MHz and found that the backscatter cross-section 
increases strongly with decreasing radar frequency and that the mean Doppler velocity 
is close to neutral wind motions (::;: 50m/s). At a radar frequency of 10MHz (our 
case), the echo altitudes were expected to be between 80 and 110km. Kyzyurov 
(2000) has recently presented a new theory for the production of plasma irregularities 
(scale lengths of decameter-hectometer) in mid-latitude sporadic E layer due to the 
neutral atmosphere turbulence. At this stage we do not know whether these theories 
are applicable to our data or not because more theoretical development is needed. 
Note that radar echoes due to the meteors and neutral turbulence do not always 
have geomagnetic aspect sensitivity. This means that these echoes may be also included 
in the Doppler velocity profiles at ranges beyond 270 km in Figs. 6-9. 
6. Conclusions 
Using a large number of Doppler velocity data from the Syowa East HF radar, we 
have obtained range profiles of mean and standard deviation of the Doppler velocity. 
K-indices at Syowa station during the observation period spanned from O to 7 with a 
maximum occurrence at K = 1. Although the standard deviations are very large, the 
following results are obtained: 
1) Mean Doppler velocity has a minimum of -100 ml s at ranges of 180-225 km and 
maxima of 300 and 350m/s at ranges of about 400 and 450-500km for beam O and 15, 
respectively. It decreases to about 250 m/s at 600-700 km and then gradually increases 
with range. Signatures indicating poleward-increasing electric field are discernible in 
range profiles of Doppler velocity. Although we cannot determine exact altitudes of 
the echo regions because of a coarse spatial resolution of the radar ( 45 km) as well as 
radar wave refraction, almost all the echoes are believed to have been produced through 
100 T. Ogawa et al. 
plasma instabilities in the ionosphere. 
2) The small Doppler velocities ( :S: 100 m/s) at short ranges (low altitudes) may be 
partly caused by neutral winds and/ or turbulence of the neutral atmosphere. This 
possibility should be further investigated in the future. 
3) Relying on that maximum phase velocities of plasma waves should appear near 
an altitude of 110 km, it is concluded that HF wave refraction due to enhanced E region 
electron density is operative for radar beams nearly perpendicular to £-shells. Because 
of this refraction effect, the maximum Doppler velocity appears at ranges of about 360 
km in the morning and about 400 km in the afternoon. We suppose that the difference 
in range ( 40  km) was caused by a lowering of the enhanced density region in the 
morning sector. 
Finally, the current operation method of the Syowa East radar is not always 
suitable for studying the physics of the D and E region irregularities. Higher spatial 
(- 15 km) and time ( :S: 1 min) resolutions are needed in the future study. 
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